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a b s t r a c t
Mono- and multi-ubiquitination alters the functions and subcellular localization of many cellular and
viral proteins. Viruses can co-opt or actively manipulate the ubiquitin network to support viral processes
or suppress innate immunity. Using yeast (Saccharomyces cerevisiae) model host, we show that the yeast
Rad6p (radiation sensitive 6) E2 ubiquitin-conjugating enzyme and its plant ortholog, AtUbc2, interact
with two tombusviral replication proteins and these E2 ubiquitin-conjugating enzymes could be co-
puriﬁed with the tombusvirus replicase. We demonstrate that TBSV RNA replication and the mono- and
bi-ubiquitination level of p33 is decreased in rad6Δ yeast. However, plasmid-based expression of
AtUbc2p could complement both defects in rad6Δ yeast. Knockdown of UBC2 expression in plants also
decreases tombusvirus accumulation and reduces symptom severity, suggesting that Ubc2p is critical for
virus replication in plants. We provide evidence that Rad6p is involved in promoting the subversion of
Vps23p and Vps4p ESCRT proteins for viral replicase complex assembly.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Plus-stranded (þ)RNA viruses replicate in the infected cells by
assembling membrane-bound viral replicase complexes (VRCs),
which consist of viral- and host-coded proteins and the viral RNA
template. Viral replication proteins of many (þ)RNA viruses
interact with various subcellular membranes that could result in
the formation of spherules, which are single-membrane vesicles
with a narrow opening towards the cytosol that harbor VRCs (de
Castro et al., 2013; den Boon et al., 2010; Nagy and Pogany, 2012).
Although major progress has recently been made in understanding
of VRC assembly, the contribution of many host proteins to VRC
assembly is far from complete (Belov and van Kuppeveld, 2012;
Huang et al., 2012; Mine and Okuno, 2012; Nagy, 2008; Nagy and
Pogany, 2008, 2012; Shulla and Randall, 2012).
Postranslation protein modiﬁcation via addition of the highly
conserved ubiquitin to substrate proteins by E1, E2 and E3
enzymes occurs frequently in eukaryotic cells (Popovic et al.,
2014; van Wijk and Timmers, 2010). Poly-ubiquitination usually
targets the substrate proteins for destruction by the 26 S
proteasome. Alternatively, ubiquitination, especially mono- and
multi-ubiquitination alters the biochemical properties and sub-
cellular localization of substrate proteins (Popovic et al., 2014; van
Wijk and Timmers, 2010). Ubiqutination also greatly affects the
functions of many viral proteins and viruses actively manipulate
the ubiquitin network to suppress innate immunity (Alcaide-
Loridan and Jupin, 2012; Lindner, 2007; Okumura et al., 2006;
Shackelford and Pagano, 2004; Shackelford and Pagano, 2005;
Taylor and Barry, 2006).
The yeast Rad6p (radiation sensitive 6, also called Ubc2) E2
ubiquitin-conjugating enzyme is a member of the highly con-
served UBC proteins in eukaryotes (Xu et al., 2009). Rad6p is
involved in several cellular processes, including DNA repair,
transcriptional activation and silencing, histone ubiquitination,
ubiquitin-mediated N-end rule protein degradation and endoplas-
mic reticulum-associated protein degradation (ERAD) (Popovic
et al., 2014; van Wijk and Timmers, 2010). Mutations in RAD6
homologs are involved in many diseases (Popovic et al., 2014).
In Arabidopsis, 37 proteins with a UBC domain and active-site
cysteine have been predicted. Among these Arabidopsis UBC
proteins, the best-characterized RAD6 homolog is AtUBC2 (Xu
et al., 2009). AtUBC2 can partially rescue the UV-sensitivity and
slow growth of rad6Δ yeast (Zwirn et al., 1997). AtUbc2p has E2
activity in vitro and has been shown to mono-ubiquitinate sub-
strates in the absence of E3 ubiquitin ligases (Strzalka et al., 2013).
UBC2 is proposed to affect DNA repair, histone ubiquitination,
ﬂowering time, and enhance salt and drought-tolerance and
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modulate abiotic stress-induced gene expression in plants (Cao
et al., 2008; Qin, 2013; Xu et al., 2009).
TBSV is a small (þ)RNA virus that has been intensively used to
study virus replication, recombination, and virus – host interac-
tions based on yeast (Saccharomyces cerevisiae) model host (Nagy
and Pogany, 2006, 2012; Nagy et al., 2014; Panavas and Nagy,
2003; Panaviene et al., 2004; White and Nagy, 2004). The auxiliary
p33 replication protein, which is an RNA chaperone, recruits the
TBSV (þ)RNA to the cytosolic surface of peroxisomal membranes
for replication (Jonczyk et al., 2007; McCartney et al., 2005; Nagy
et al., 2012; Panavas et al., 2005a; Pogany et al., 2005; Stork et al.,
2011). The interaction between the viral p33 and p92pol RdRp
protein is required for assembling the functional VRC (Panavas
et al., 2005a; Panaviene et al., 2004, 2005; Pogany and Nagy, 2008,
2012). The assembly and functions of VRCs are also affected by
host components, such as the host heat shock protein 70 (Hsp70),
the eukaryotic elongation factor 1 A (eEF1A), ESCRT (endosomal
sorting complexes required for transport) proteins and sterols and
phospholipids (Li et al., 2008; Li and Nagy, 2011; Li et al., 2009,
2010; Pogany and Nagy, 2012, 2015; Pogany et al., 2008; Serva and
Nagy, 2006; Sharma et al., 2010, 2011; Wang et al., 2009a, 2009b;
Xu and Nagy, 2015).
Genome-wide screens to identify host factors affecting TBSV
RNA replication in yeast led to the identiﬁcation of host genes
known to be involved in various aspects of protein ubiquitination,
such as BRE1, DOA4, RAD6, LGE1, UBP3 (Jiang et al., 2006; Panavas
et al., 2005b; Serviene et al., 2005, 2006). In addition, proteomics
approach has revealed interaction between p33 replication protein
and Uba1p ubiquitin- (Ub)-activating enzyme, Cdc34p E2 Ub-
conjugating enzyme, Rsp5p E3 Ub-ligase, Ubp10p and Ubp15p
Ub-speciﬁc proteases (Li et al., 2008). More detailed analysis with
Cdc34p E2 Ub-conjugating enzyme showed that Cdc34p is present
in the tombusvirus replicase complex and it can mono- and bi-
ubiquitinate p33 in vitro in the absence of an E3 Ub-ligase (Li et al.,
2008). The Nedd4-type Rsp5p E3 Ub-ligase has also been shown to
bind to and ubiquitinylate p33 replication protein in vitro (Barajas
et al., 2009b). Studies with the proteasomal Rpn11p metallopro-
tease, which acts as a deubiquitination (DUB) enzyme, has shown
the role of Rpn11p in the assembly of TBSV VRCs, and the
recruitment of the cellular DDX3-like Ded1p DEAD-box helicase
into the viral replicase (Prasanth et al., 2014). Data also support the
role of Rpn11p and the free ubiquitin pool in TBSV replication and
viral RNA recombination (Prasanth et al., 2014). Altogether, the
emerging idea from these studies on TBSV that ubiquitin and
protein ubiquitination is a major element in virus replication and
evolution.
Mono- and bi-ubiquitination of two lysines, namely K70 and
K76, in a small fraction of p33 replication co-factor has been
demonstrated in yeast (Barajas and Nagy, 2010; Li et al., 2008).
Because mutations of these lysines reduced TBSV repRNA replica-
tion in yeast and affected the ability of p33 to interact with Vps23p
ESCRT factor, we have proposed that one of the functions of p33
ubiquitination is to assist the recruitment of Vps23p ESCRT-I
protein for TBSV replication (Barajas and Nagy, 2010). The recruit-
ment of Vps23p, followed by subversion of additional ESCRT
proteins could aid the formation of VRCs, which require mem-
brane deformation to induce spherule-like structures (Barajas
et al., 2009a, 2014).
Although the previous genome-wide and proteome-wide
screens with TBSV in yeast have identiﬁed 10 yeast proteins
involved in various aspects of the ubiquitin pathway (Nagy et al.,
2014), we still do not know the functional roles of most of these
cellular factors in virus replication. In the current paper, we have
undertaken studies with Rad6p E2 ubiquitin-conjugating enzyme
and its plant ortholog, Arabidopsis thaliana AtUbc2, in yeast and
plants in combination with in vitro approaches. We ﬁnd that both
Rad6p and AtUbc2p interact with the p33 and p92pol replication
proteins and they could be co-puriﬁed with the tombusvirus
replicase. Rad6p/Ubc2p affects the ubiquitination level of p33
and deletion of RAD6 or knockdown of NbUBC2 reduces tombus-
virus replication in yeast and plants, respectively. Both E2
ubiquitin-conjugating enzymes also facilitate TBSV replication
in vitro, suggesting that they are directly involved in tombusvirus
replication. We also provide evidence that Rad6p is involved in
promoting the subversion of Vps23p and Vps4p ESCRT proteins for
VRC assembly.
Results
The cellular Rad6/Ubc2 E2 ubiquitin-conjugating enzyme interacts
with the tombusvirus p33 replication protein
To gain insights into the functions of Rad6/Ubc2 E2 ub-
conjugating enzyme during tombusvirus replication, ﬁrst we
analyzed if p33 replication protein could interact with Rad6p or
AtUbc2p. The membrane-based MYTH assay (split-ubiquitin-based
yeast two-hybrid assay) between the tombusvirus p33 and the
yeast Rad6p and p33:AtUbc2p revealed interactions (Fig. 1A).
Moreover, interactions were also observed between p92:Rad6p
and p92:AtUbc2p, respectively. (Fig. 1B).
In addition, FLAG-afﬁnity-based co-puriﬁcation experiments
from the membrane fraction of yeast conﬁrmed that Rad6p
speciﬁcally interacted with FLAG-p33 (Fig. 1C, lane 2 versus 1).
Also, the AtUbc2p expressed in yeast was co-puriﬁed with FLAG-
p33 from the membrane fraction, suggesting interaction between
p33 and AtUbc2p (Fig. 1C, lane 4 versus 3). Altogether, both Rad6p
and AtUbc2p interacted with the p33 replication protein in the
membrane and these E2 ubiquitin-conjugating enzymes might
play a role during the assembly of the tombusvirus VRCs with a
direct role in TBSV replication.
Deletion of RAD6 inhibits tombusvirus replication in yeast
To test if RAD6 plays a pro-viral role in tombusvirus replication,
we compared TBSV repRNA accumulation in rad6Δ and wt yeast
co-expressing p33 and p92pol replication proteins. Northern blot
analysis of total RNA from rad6Δ and wt yeasts revealed that the
accumulation of TBSV repRNA was reduced by 3-fold in rad6Δ
yeast (Fig. 2A, lanes 6–10 versus 1–5). Thus, Rad6p likely plays a
pro-viral function during tombusvirus replication.
Because Rad6p is an E2 ubiquitin-conjugating enzyme (Sung
et al., 1991), it might affect the ubiquitination status of p33
replication protein, which has been shown to become mono-
and bi-ubiquitylated in yeast (Barajas and Nagy, 2010). Accord-
ingly, mono- and bi-ubiquinated forms of p33 were greatly
reduced in rad6Δ yeast in comparison with wt yeast (Fig. 2B, lanes
5–6 versus 3–4). Thus, Rad6p is likely involved in ubiquitinylation
of p33 replication protein in yeast.
One of the major functions of ubiquitination (i.e., poly-ubiqui-
tination), is to tag proteins for degradation by the 26 S proteosome
(Pickart, 2001; Pickart and Eddins, 2004). To test if deletion of
RAD6 affects the stability of p33, we tested the half-life of p33
molecules (Fig. 2C). After induction of expression of p33 from the
GAL1 promoter, we turned off p33 mRNA synthesis by changing
the media from galactose to glucose, and addition of cyclohex-
amide to block new protein translation, followed by taking
samples at given time points. Levels of remaining p33 in yeast
were measured by Western blot analysis (Fig. 2C). These experi-
ments revealed that overall the half-life of p33 in rad6Δ yeast was
comparable to that in wt yeast (Fig. 2C), suggesting that ubiqui-
tination of p33 by Rad6p did not enhance p33 degradation.
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AtUbc2p can complement the defect in tombusvirus replication in
rad6Δ yeast
To study if the plant (Arabidopsis thaliana) ortholog AtUbc2p
could complement the defect in TBSV replication and p33 ubiqui-
tination, we expressed AtUbc2p in rad6Δ yeast. Interestingly,
AtUbc2p was as efﬁcient as the yeast Rad6p in increasing TBSV
repRNA accumulation by 2-fold in rad6Δ yeast (Fig. 3A, lanes 5–8
versus 9–12). The expression of AtUbc2p also increased the
accumulation of p33 and p92pol replication proteins in rad6Δ yeast.
Fig. 2. Reduced TBSV repRNA accumulation and p33 ubiquitination in rad6Δ yeast.
(A) Northern blotting of repRNA accumulation in rad6Δ yeast. The yeasts expressed
CNV His6-p33 and His6-p92 replication proteins and the DI-72 repRNA from
plasmids for 24 h at 23 1C. The accumulation level of repRNA was measured using
ImageQuant software. Ribosomal RNA was used as a loading control (see bottom
panel). Western blotting shows the levels of His6-p33 and His6-p92 in the above
yeast samples. (B) Ubiquitination of p33 replication protein in wt and rad6Δ yeasts.
The membrane-bound FLAG-tagged p33F or p33HF (dual-tagged with FLAG and
His6) was puriﬁed via FLAG-afﬁnity chromatography after solubilization from yeast
co-expressing cMyc-tagged ubiquitin from a plasmid. The ubiquitinated p33 was
detected with Western blot using anti-cMyc antibody and the expected 8 and
16 KDa increase of MW for mono- and bi-ubiquitination (indicated by arrowheads).
Note the 2 KDa difference between p33HF (lane 4) and p33F (lane 3). Lane 1 is a
molecular weight marker, while lane 2 is “without sample”. (C) Measurement of
the half-life of p33 replication protein in yeast. The percentage of the remaining
His6-p33 molecules, after halting translation, was estimated in wt yeast (dotted
line) or rad6Δ yeast (solid line) by Western blotting.
Fig. 1. Interaction between p33 and p92 replication proteins and the cellular Rad6p
and AtUbc2p E2 ubiquitin-conjugating enzymes. (A-B) The split-ubiquitin assay
was used to test binding between p33 (panel A), p92 (panel B) and yeast Rad6p and
AtUbc2p in yeast. The bait p33 or p92 were co-expressed with the shown prey
proteins. SSA1 (HSP70 chaperone), and the empty prey vector (NubG) were used as
positive and negative controls, respectively. (C) Co-puriﬁcation of Rad6p and
AtUbc2p proteins with the p33 replication protein from yeast cells. Top panel:
Western blot analysis of co-puriﬁed His6-tagged cellular proteins with Flag-afﬁnity
puriﬁed p33. The His6-tagged Rad6p and His6-AtUbc2p proteins were detected
with anti-His antibody. The negative control was His6-tagged p33 puriﬁed from
yeast extracts using a FLAG-afﬁnity column. Bottom panel: Western blot of puriﬁed
Flag-p33 detected with anti-FLAG antibody.
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Testing the ubiquitination status of p33 in rad6Δ yeast expres-
sing AtUbc2p revealed that AtUbc2p increased the level of ubiqui-
tylated p33, similar to expression of the yeast Rad6p (compare
lanes 5 and 7 with 3 in Fig. 3B). Therefore, both AtUbc2p and the
yeast Rad6p are involved in ubiquitination of p33 replication
protein.
To demonstrate the direct involvement of Rad6p and AtUbc2p
in p33 ubiquitination, we have performed in vitro assay with
puriﬁed recombinant proteins. We have observed the appearance
of mono- and bi-ubiquitinated p33 molecules in the presence of
Rad6p (Fig. 3C, lane 2). Interestingly, AtUbc2p mostly generated bi-
ubiquitinated p33 molecules, while the mono-ubiquitinated p33
molecules were less abundant (Fig. 3C, lane 4). Similar mono- or
bi-ubiquitinated p33 molecules were not detected when GST was
used to replace any of the E2 ub-conjugating enzymes (Fig. 3C,
lane 1) or when the puriﬁed ubiquitin was omitted from the assays
(lanes 3, 5 and 7). Altogether, the in vitro assay has provided
evidence that Rad6p and AtUbc2p E2 ub-conjugating enzymes
could ubiquitinate p33 replication protein.
Over-expression of AtUbc2p and Rad6p enhances tombusvirus
replication in yeast
To obtain additional evidence for the pro-viral function of
RAD6/UBC2, we over-expressed these proteins from plasmids in
wt yeast replicating TBSV repRNA. Over-expression of these E2 ub-
conjugating enzymes enhanced TBSV repRNA accumulation by
more than 2-fold in yeast (Fig. 4, lanes 5–12 versus 1–4). The
accumulation of p33 and p92 replication proteins was also
increased. Thus, these data further support the role of RAD6/
UBC2 in TBSV replication.
Pro-viral role of Rad6/AtUbc2 in tombusvirus replication in vitro
To test if Rad6p or AtUbc2p could promote tombusvirus replication
directly, we performed in vitro tombusvirus replication assays with
puriﬁed tombusvirus replicase. The viral replicase was solubilized from
yeast membranes (wt or rad6Δ yeast), followed by afﬁnity-puriﬁcation
of His6-p33 and His6-p92 replication proteins (Fig. 5A), which are
integral components of the VRCs (Panaviene et al., 2004; Serva and
Nagy, 2006). When the replicase was obtained from rad6Δ yeast
Fig. 3. Complementation of TBSV repRNA accumulation and p33 ubiquitination in rad6Δ yeast through expression of Rad6p or AtUbc2p. (A) Northern blot analysis of repRNA
accumulation in rad6Δ yeast expressing Rad6p or AtUbc2p from plasmids. The yeasts co-expressed His6-Rad6p (or His6-AtUbc2p) and His6-p33 and His6-p92 replication
proteins and the DI-72 repRNA from plasmids for 24 h at 23 1C. The accumulation level of repRNA was measured using ImageQuant software. Ribosomal RNA was used as a
loading control. Western blotting shows the levels of His6-p92, His6-p33 and His6-Rad6p (or His6-AtUbc2p) in the above yeast samples. (B) Complementation of p33
ubiquitination through expression of His6-Rad6p (or His6-AtUbc2p) in rad6Δ yeasts. The membrane-bound FLAG-tagged p33F or p33HF was puriﬁed via FLAG-afﬁnity
chromatography after solubilization from yeast co-expressing cMyc-tagged ubiquitin from a plasmid. Top panel: The ubiquitinated p33 was detected with Western blot using
anti-cMyc antibody and the expected 8 and 16 KDa increase of MW for mono- and bi-ubiquitination (indicated by arrowheads). Note the 2 KDa difference between p33HF
and p33F. Bottom panel: The FLAG-afﬁnity puriﬁed p33F or p33HF were detected by Western analysis with anti-FLAG antibody. (C) In vitro ubiquitination of p33 molecules
by Rad6p and AtUbc2p. Puriﬁed recombinant proteins, including Uba1p E1 enzyme (each lane) and GST-tagged ubiquitin (lanes 1, 2, 4 and 6), were used to ubiquitinate
puriﬁed MBP-p33 with puriﬁed GST-tagged Rad6p, GST-AtUbc2p or GST-Cdc34p. Arrowheads point at the mono- and bi-ubiquitinated MBP-p33 molecules, while the non-
ubiquitinated MBP-p33 is indicated by an arrow.
Fig. 4. Over-expression of Rad6p or AtUbc2p enhances TBSV repRNA accumulation
in yeast. Northern blot analysis of repRNA accumulation in wt yeast (BY4741) over-
expressing Rad6p or AtUbc2p from plasmids. The yeasts co-expressed His6-Rad6p
(or His6-AtUbc2p) and His6-p33 and His6-p92 replication proteins and the DI-72
repRNA from plasmids for 24 h at 23 1C. See further details in Fig. 3.
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expressing either Rad6p or AtUbc2p from plasmids, then the replicase
activity was 3-fold higher than that obtained with the replicase prep
from rad6Δ yeast (Fig. 5B, lanes 2–3 and 5–6 versus 1 and 4). Similarly,
the replicase preparations obtained from wt yeast over-expressing
either Rad6p or AtUbc2p from plasmids showed 3-fold higher
activities than the replicase puriﬁed from wt yeast (Fig. 5C, lanes 3–
6 versus 1–2). In these assays, we used the same amount of template
RNAs and comparable amount of replicases (based on p33 levels,
Fig. 5B and C), thus the higher activities of the replicases from yeast
expressing or over-expressing either Rad6p or AtUbc2p strongly
support the direct roles of Rad6p and AtUbc2p in enhancement of
tombusvirus replicase activity.
Rad6 and Cdc34 E2 ubiquitin-conjugating enzymes play partially
redundant roles during tombusvirus replication
Previous work deﬁned Cdc34 E2 ub-conjugating enzyme as a
component of the tombusvirus replicase with pro-viral functions
(Li et al., 2008). Similar to Rad6p, Cdc34p also mono- and
Fig. 5. Increased activity of the tombusvirus replicase from rad6Δ yeast expressing
Rad6p or AtUbc2p. (A) Scheme of the experimental design. The tombusvirus
replicase was His-afﬁnity puriﬁed from solubilized membrane fraction of yeast
co-expressing His6-p33 and His6-p92 replication proteins and the DI-72 repRNA
from plasmids. The added template to the in vitro replicase assay was DI-72(-)RNA
transcript. (B) Top image: Denaturing PAGE analysis of in vitro replicase activity on
RNA added template. The rad6Δ yeast expressing Rad6p or AtUbc2p grown at 23 1C
or 29 1C were harvested for analysis at 36 h time point after launching TBSV
replication. Note that this phosphoimager image shows the 32P UTP-labeled
repRNAs made by the replicase in vitro. The quantiﬁed data indicate the relative
activity of the tombusvirus replicase in these samples. Lower image: Western blot
analysis of the level of His6-tagged p33 replication protein using anti-6xHis
antibodies. Each experiment was performed three times. (C) Similar in vitro
replicase activity assay as in panel B, except wt yeast over-expressing Rad6p or
AtUbc2p was used for the replicase preparations.
Fig. 6. Cell-free TBSV replication assay supports a partially overlapping pro-viral
function of Rad6p and Cdc34p E2 ubiquitin-conjugating enzymes. (A) Scheme of
the CFE-based TBSV replication assay. (B) Top image: Denaturing PAGE analysis of
the 32 P-labeled TBSV repRNA products obtained in the CFE-based assay pro-
grammed with in vitro transcribed TBSV DI-72 (þ)repRNA and puriﬁed recombi-
nant MBP-p33 and MBP-p92pol replication proteins of TBSV. Bottom image: SDS-
PAGE analysis of the total proteins used in the above CFE-based assay. Note that
addition of doxycycline to the culture media (þdox samples, lanes 7–8) in the TET:
CDC34 yeast leads to down-regulation of Cdc34 level. Each experiment was
repeated three times. (C) Similar CFE-based TBSV replication assay as in panel B,
except double mutant yeasts were used for CFE preparation.
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bi-ubiquitinylates p33 replication protein (Barajas and Nagy, 2010;
Li et al., 2008). Comparison of TBSV repRNA replication in yeast
cell-free extracts (CFEs, Fig. 6A), which support complete TBSV
replication in vitro (Pogany and Nagy, 2008; Pogany et al., 2008),
with puriﬁed recombinant p33 and p92pol replication proteins
(obtained from E. coli) revealed inefﬁcient TBSV replication in the
absence of Rad6p (CFE from rad6Δ yeast, lanes 3–4 versus 1–2,
Fig. 6) or knockdown of Cdc34 (TET: CDC34 yeast, lanes 7–8 versus
5-6). Thus, both Rad6p and Cdc34p are required for TBSV
replication.
To test if Rad6p and Cdc34p play unique roles, we created a
double-mutant yeast strain carrying a temperature-sensitive
cdc34ts and rad6Δ for CFE-based TBSV repRNA replication
(Fig. 6A and C). The in vitro TBSV replication was below detection
level in case of the CFE prepared from the double mutant (Fig. 6C,
lanes 3–4 and 7–8). The CFEs prepared from the single mutants
(i.e., cdc34ts, Fig. 6C, lanes 5–6; and rad6Δ, Fig. 6B, lanes 3-4)
supported higher level of TBSV replication, suggesting that Rad6p
and Cdc34p play complementary and partially redundant roles in
tombusvirus replication in yeast.
Rad6 affects the subversion of cellular ESCRT proteins for tombusvirus
replication in yeast
Previously, we have shown based on ubiquitination null
mutants of p33 that ubiquitination of p33 replication protein is
required for p33 binding to Vps23p ESCRT-I protein, which binds
to ubiquitinated membrane proteins (Morita and Sundquist, 2004;
Usami et al., 2009). Vps23p also binds to additional ESCRT proteins
(Morita and Sundquist, 2004; Usami et al., 2009) and is required
for TBSV replication (Barajas et al., 2009a). We hypothesized that
Ub-p33 might be involved in subversion of Vps23p, and additional
ESCRT proteins to facilitate the formation of the viral replicase.
Among these are the critical Vps4p AAAþ ATPase, which is
required for tombusvirus-induced spherule (carrying the VRCs)
formation in yeast and plant cells (Barajas et al., 2009a, 2014).
To test if Rad6p facilitates the subversion of ESCRT proteins into
the tombusviral replicase, we FLAG-afﬁnity puriﬁed p33 replica-
tion proteins from detergent-solubilized membrane fractions,
followed by Western blotting to measure the co-puriﬁed cellular
Vps23p and Vps4p. Interestingly, the co-puriﬁed cellular Vps23p
and Vps4p were below detection level when obtained from rad6Δ
yeast, while these cellular proteins were readily detectable in
puriﬁed p33 samples from wt yeast (Fig. 7). The less efﬁcient co-
puriﬁcation of cellular Vps23p and Vps4p ESCRT proteins from
rad6Δ yeast suggests that Rad6p, likely through ubiquitination of
p33, is involved in the recruitment of ESCRT proteins into the
tombusvirus VRCs.
Silencing of the UBC2 gene in Nicotiana benthamiana reduces
tombusvirus replication
To conﬁrm that UBC2 plays similar major role in tombusvirus
replication to RAD6 in yeast, we silenced UBC2 in N. benthamiana
via VIGS (virus-induced gene silencing). Interestingly, tombusvirus
accumulation was reduced to 20% when compared with the
control plant (TRV-nGFP, compare lanes 3–6 with 1–2 in Fig. 8A).
The ubc2-silenced plants only showed mild symptoms, while the
control plants died of necrosis caused by robust tombusvirus
replication (Fig. 8B). The phenotype of the ubc2-silenced plants
(not inoculated) was similar to the control plants (Fig. 8B).
Altogether, these plant experiments demonstrated a major pro-
viral role for the NbUBC2 gene in tombusvirus replication, thus
supporting our yeast-based and in vitro results on the function of
Rad6p/Ubc2p in TBSV replication.
Discussion
High throughput genome-wide and proteome-wide screens in
yeast model host for TBSV have helped tremendously the identi-
ﬁcation and characterization of host factors subverted for viral
replication (Nagy et al., 2014). Follow up experiments using
tombusviruses and plants (based on N. benthamiana host) have
also showed that many of the identiﬁed host factors in yeast are
relevant in the plant hosts, too. For example, co-opted host
proteins, such as Hsp70, eEF1A, eEF1Bγ, GAPDH, DEAD-box heli-
cases, cellular ion pumps, and ESCRT factors or the roles of sterols
and phospholipids have all been conﬁrmed to play important roles
in the assembly of the tombusvirus VRCs or viral RNA synthesis
in vitro, in yeast and plant cells (Barajas and Nagy, 2010; Jaag et al.,
2010; Kovalev and Nagy, 2014; Li et al., 2009; Nagy et al., 2012;
Nagy and Pogany, 2012; Sasvari et al., 2011; Sasvari et al., 2013;
Wang and Nagy, 2008; Wang et al., 2009a; Xu and Nagy, 2015).
In spite of systematic efforts, however, the previously identiﬁed
and characterized yeast Cdc34p E2 ub-conjugating enzyme, which
is a component of the tombusvirus replicase with pro-viral
functions (Li et al., 2008), has not yet been conﬁrmed in plants
due to the lack of obvious ortholog(s). Therefore, we continued our
search to ﬁnd an E2 ubiquitin-conjugating enzyme from plants
that is a component of the tombusvirus replicase with pro-viral
functions. Our search was facilitated by the previous identiﬁcation
of a second E2 ubiquitin-conjugating enzyme from yeast, called
Rad6p, which has an ortholog in plants, called Ubc2p (Qin, 2013;
Strzalka et al., 2013; Xu et al., 2009). Accordingly, in this paper, we
demonstrate similar characteristics for Rad6p/Ubc2p to Cdc34p,
including (i) direct binding to the p33 replication protein in the
MYTH assay; (ii) Co-puriﬁcation of Rad6p/Ubc2p with the tom-
busvirus replicase from membrane fractions; (iii) Pro-viral func-
tion in tombusvirus replication, based on deletion of RAD6 in yeast
or knockdown of UBC2 in N. benthamiana led to diminished
tombusvirus RNA accumulation; (iv) Reduced level of p33 mono-
and bi-ubiquitinylation when RAD6 has been deleted; (v) direct
ubiquitination of recombinant p33 with puriﬁed Rad6p and
AtUbc2p; (vi) Complementation of p33 mono- and bi-
ubiquitinylation and TBSV repRNA accumulation in rad6Δ yeast
expressing Rad6p or AtUbc2p from plasmids; (vii) Over-expression
of AtUbc2p and Rad6p increased TBSV repRNA accumulation in wt
Fig. 7. Reduced co-puriﬁcation of yeast Vps23p and Vps4 ESCRT proteins with the
tombusvirus p33 replication protein from rad6Δ yeast. His6-Vps23 or His6-Vps4
was co-expressed with FLAG-p33 or His6-p33 (as a negative control) from plasmids
in wt BY4741 or rad6Δ yeasts. Top panel: Western blot analysis of co-puriﬁed His6-
tagged Vps4p (marked by gray arrowhead) or His6-tagged Vps23p with Flag-
afﬁnity puriﬁed FLAG-p33 (derived from the closely-related Cucumber necrosis
virus) with anti-His antibody. The negative control was puriﬁed from yeast extracts
using a FLAG-afﬁnity column. Middle panel: Western blot of Flag-afﬁnity-puriﬁed
FLAG-p33 detected with anti-Flag antibody. Third panel: Western blot of His6-Vps4
or His6-Vps23 proteins in the total yeast extracts using anti-His antibody. The left-
most lane contains protein molecular weight markers. Bottom panel: Coomassie-
stained SDS-PAGE showing total proteins as loading controls.
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yeast; (viii) Increased level of TBSV RNA synthesis with puriﬁed
replicase from yeast expressing Rad6p/Ubc2p; and (ix) a 3-fold
increase in TBSV RNA replication in CFEs containing Rad6p/Ubc2p.
All these data point at the important role of the plant Ubc2p and,
similarly, the yeast Rad6p E2 ub-conjugating enzymes in tombus-
virus replication in plants, yeast and in vitro.
Based on the similar activities of Rad6p and Cdc34p (i.e., both are
E2 ub-conjugating enzymes) on ubiquitinylation of p33 replication
protein, we propose that Rad6p and the plant Ubc2p mono- and bi-
ubiquitinate the viral replication proteins in order to facilitate the
recruitment of the cellular ESCRT proteins via binding to Vps23p
(Tsg101 in mammals) ESCRT-I protein and Bro1p (ALIX in mammals)
ESCRT-accessory protein (Barajas and Nagy, 2010). These events then
lead to subversion of the cellular ESCRT machinery consisting of
additional ESCRT-I and ESCRT-III components and Vps4p AAAþ
ATPase (Barajas et al., 2009a, 2014; Barajas and Nagy, 2010). These
cellular ESCRT proteins are likely involved in membrane bending/
invagination and viral spherule formation during the assembly of the
membrane-bound tombusvirus replicase complexes (Barajas et al.,
2009a, 2014; Barajas and Nagy, 2010). In support of the above model,
co-puriﬁcation experiments showed that Rad6p is involved in promot-
ing the subversion of Vps23p and Vps4p ESCRT proteins for viral
replicase complex assembly.
Protein ubiquitination and the ubiquitin proteosome system
(UPS) play a role in many viral infections by targeting viral
proteins for degradation or for modiﬁcation that leads to altered
viral protein functions (Alcaide-Loridan and Jupin, 2012; Okumura
et al., 2006; Shackelford and Pagano, 2005). Viruses also usurp UPS
to target host antiviral proteins for degradation to facilitate viral
infections. Viral proteins could also reverse protein ubiquitination
that likely regulate viral infections (Alcaide-Loridan and Jupin,
2012; Chenon et al., 2012; Lindner, 2007; Lombardi et al., 2013).
Summary
In this paper, we document that a plant E2 ubiquitin-
conjugating enzyme, namely Ubc2p, and the orthologous yeast
Rad6p play key pro-viral roles during TBSV replication. These
ﬁndings add to our understanding of tombusvirus: plant host
interactions and the key roles of subverted cellular proteins
involved in ubiquitination of viral replication proteins in viral
replication. Altogether, posttranslational modiﬁcation of tombus-
virus replication proteins seems to be important for viral replica-
tion in cellular environment, regardless of yeast or plant origin.
Materials and methods
Expression constructs and strains
The yeast (Saccharomyces cerevisiae) strains BY4741 (MATa
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and TET: CDC34 (yTHC library)
were obtained from Open Biosystems. The temperature-sensitive
(ts) yeast strains Cdc34ts was of generous gift from C. Boone (U.
Toronto) (Li et al., 2011). Yeast strain NMY51 [MATahis3Δ200 trp1-
901 leu2-3, 112 ade2 LYS2: (lexAop)4-HIS3 ura3: (lexAop)8-lacZ
ade2: (lexAop)8-ADE2 GAL4] was obtained from Dualsystems.
To generate the Cdc34ts/rad6Δ double-mutant strain, the hygro-
mycine resistance gene hphNTI was PCR-ampliﬁed from plasmid
pYM40 (Euroscarf) with primers #5932 (ATTATTTTTAGGCAGACAGA-
GACTAAAAGATAAAGCGTCATGCGTACGCTGCAGGTCGAC) and #5932
(ATTATTTTTAGGCAGACAGAGACTAAAAGATAAAGCGTCATGCGTACGCT
GCAGGTCGAC) and the PCR-product was transformed into Cdc34ts
strain.
Plasmids HpGBK-His33-CUP1/DI72-GAL1, LpGAD-His92-CUP1
and LpGAD-FLAG-92-CUP1 used for co-puriﬁcation assays in yeast
have been described before (Barajas et al., 2009a, 2009b).
To make yeast plasmid constructs expressing either Rad6p or
AtUbc2p, the genes were ampliﬁed by PCR from yeast gemonic DNA
and Arabidopsis cDNA synthesized from total RNAwith primer #5457
(TTGAAGACAAATGCTACAATG) with primer pairs #5458 (CCGGGATC-
CATGTCCACACCAGCTAGAAG) and #5459 (CCGCTCGAGTCAGC-
TAGCGTCTGCTTCGTCGTCGTC), #5456 (CCGCTCGAGCTAGCTAGCGTC
GGCAGTCCAGCTTTG) and #5457, respectively. The obtained PCR
products were digested with BamHI and XhoI and inserted into
similarly digested pYES2/NT/C (Invitrogen) to generate plasmid
pYES-Rad6 and pYES-AtUbc2.
Fig. 8. Knockdown of NbUBC2 reduces tombusvirus RNA accumulation in Nicotiana
benthamiana. (A) Accumulation of tombusvirus (Cucumber necrosis virus, CNV,
closely related to TBSV) genomic RNA in NbUBC2 knockdown N. benthamiana plants
3 days post-inoculation, based on Northern blot analysis. Note that we used a
silencing suppressor null mutant of CNV gRNA (called CNV20KSTOP). VIGS was
performed via agroinﬁltration of Tobacco rattle virus (TRV) vectors carrying NbUBC2
sequence or the TRV-nGFP vector (as a control). Inoculation with CNV gRNA was
done 11 days after agroinﬁltration. Note that the NbUBC2 gene of the Solenacea
family is the ortholog of the yeast RAD6 gene. (B) Top image: Inhibition of CNV-
induced symptom development in NbUBC2 knockdown N. benthamiana. Note the
reduced severity of symptoms caused by CNV in the NbUBC2 knockdown plant
when compared with the lethal necrosis in the control plant. Bottom images: Semi-
quantitative RT-PCR analysis of the accumulation of NbUBC2 mRNA in NbUBC2
knockdown N. benthamiana plants and in the control plants, which were agroinﬁl-
trated with the TRV-nGFP vector 11 days after agroinﬁltration. RT-PCR analysis of
the actin mRNA from the same samples serves as a control.
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Plasmids pTRV1, and pTRV-pPDS for virus-induced gene silen-
cing (VIGS) were kindly provided by Dinesh-Kumar (Yale Univer-
sity) (Dinesh-Kumar et al., 2003). pTRV-nGFP was constructed by
Kai Xu (University of Kentucky). pTRV-UBC2 was obtained via PCR-
ampliﬁcation of cDNA made from N. benthamiana total RNA with
primers #5491 (GCCGGATCCATGTCGACTCCGGCTAG) and #5492
(CGGCTCGAGATCAGTCTGCAGTCCAGC), digested with BamHI and
XhoI and ligated into pTRV.
Analysis of in vivo protein interactions by yeast membrane two-
hybrid (MYTH) assay
The MYTH screens were performed as described (Mendu et al.,
2010). The bait construct pGAD-BT3-N-His33 and pGAD-BT3-N-
His92, expressing tombusvirus p33 and p92 respectively, has been
described previously (Mendu et al., 2010).
The prey plasmids construction: pPRN-AtUBC2 was made by
PCR-ampliﬁcation of A. thaliana full-length gene with primers
#5455 (CCGGGATCCATGTCGACTCCAGCGAGG) and #6117 (CCGCTC
GAGCTACCATGGGTCGGCAGTCCAGCTTTG) and pPRN-Rad6 was
made by PCR-ampliﬁcation of yeast full-length gene with primers
#5458 and #5459. The PCR products were digested with BamHI
and XhoI and cloned into pPRN-N-RE digested with BamHI and
SalI. The plasmid pPRN-N-RE and pPRN-ssa1 were used as a
negative and positive control respectively, as previously described
(Mendu et al., 2010).
The NMY51 yeast strain was co-transformed with one of the
bait constructs and one of the prey constructs described above and
plated onto Trp/Leu (TL) synthetic minimal medium plates for
plasmid selection. Transformed colonies were picked with a loop,
re-suspended in water, and spotted onto Trp/Leu-/His/Ade
(TLHA) plates to test for p33/p92:AtUBC2/Rad6 interactions as
described (Li et al., 2008).
Co-puriﬁcation of host proteins with the tombusvirus replication
complex
Yeast strain rad6Δwas transformed with plasmids pGBK-His33-
CUP1 (expressing a 6xHis-tagged CNV p33 protein) or pGBK-FLAG-
p33-CUP1 (expressing a FLAG-tagged CNV p33) and/or pYES-Rad6-
GAL1 (expressing a 6His-tagged Rad6p protein) or pYES-UBC2-
GAL1 (expressing a 6xHis-tagged AtUBC2p protein). Transformed
yeasts were pre-grown in SC-ULH media containing 2% glucose
for 16 h at 29 1C and then, in SC-ULH- media with 2% galactose for
24 h at 29 1C. Then, 50 μM CuSO4 was added and the yeast cultures
were incubated for 6 h at 29 1C. The yeast cultures were then
centrifuged, washed with phosphate buffer saline (PBS) and
incubated in PBS plus 1% formaldehyde for 1 h on ice to crosslink
proteins. Then, the formaldehyde was quenched by adding glycine
(ﬁnal concentration of 0.1 M) and the yeast was recovered by
centrifugation (Pathak et al., 2008). Yeast was broken with glass
beads and p33 protein was puriﬁed using anti-FLAG M2 agarose (Li
et al., 2008). Afﬁnity-puriﬁed p33 was analyzed by Western blot
using anti-FLAG antibody, and co-puriﬁed 6His-tagged host
proteins were analyzed with anti-His antibody (Li et al., 2008).
Analysis of p33 ubiquitination in yeast
Yeast strains were transformed with pGBK-FLAG-p33 or pGBK-
33HF and pYEp105 (Ellison and Hochstrasser, 1991), which
expresses a cooper-inducible cMyc-tagged ubiquitin (Li et al.,
2008). The procedure for testing p33 ubiquitination was described
earlier (Li et al., 2008). Brieﬂy, the transformed yeasts were pre-
grown in UTH minimal media supplemented with 2% glucose for
24 h at 29 1C, then pelleted and grown in UTH minimal media
plus 2% galactose and 50 mM CuSO4 for an additional 24 h. The
membrane fraction of yeast was re-suspended in 1 ml ice cold
extraction buffer plus 1% NP-40 and 5% SB3-10. The solubilized
membrane proteins were loaded onto column containing 25 μl of
anti-FLAG M2 agarose from mouse (Sigma) to afﬁnity-purify FLAG-
p33. The puriﬁed preparations were subjected to SDS-PAGE and
Western blotting using monoclonal anti-FLAG M2 antibody from
mouse (Sigma; 1:5000 dilution) and AP-conjugated anti-mouse
(1:5000) followed by NBT-BCIP detection. CMyc-tagged ubiquitin
was detected using anti-cMyc antibody from rabbit (Bethyl;
1:10,000 dilution) and AP-conjugated anti-rabbit (1:10,000) fol-
lowed by NBT-BCIP detection.
Replication protein stability assay
To study the half-life of p33 replication protein in yeast, BY4741
and rad6Δ strains were transformed with plasmids LpGAD-CUP1-
p92 expressing His6-tagged CNV p92 from copper-inducible CUP1
promoter and HpGBK-CUP1-Hisp33/GAL1-DI-72 expressing His6-
tagged CNV p33 from the CUP1 promoter. Yeast transformants
were cultured overnight in SC-LH medium containing 2% glucose
and 100 mM BCS at 23 1C. Yeast cultures were transferred to SC-
LH medium supplemented with 2% galactose and 50 mM CuSO4
for 3 h at 23 1C. Then, the cultures were shifted back to the SC-LH
medium supplemented with 2% glucose and cycloheximide (at a
ﬁnal concentration of 100 mg/ml). The amount of p33 was detected
by Western blotting with anti-His6 antibody at given time points
after cycloheximide treatment. Each sample loading was adjusted
based on total protein levels as determined by SDS-PAGE (Chuang
et al., 2014).
In vitro p33 ubiquitination assay
The yeast strain expressing Uba1p was from the GST-His6 ORF
library (Sopko et al., 2006). The puriﬁcation of GST-His6-Uba1 was
performed from yeast, while the GST-Ccd34, GST-Rad6, GST-
AtUbc2 and GST-Ub were obtained from E. coli by using glu-
tathione Sepharose beads (Novagen) (Li et al., 2008). In vitro p33
ubiquitination was performed in 20 μl ubiquitination buffer
(40 mM Tris–HCl [pH 7.5], 50 mM NaCl, 5 mM MgCl2, 2 mM ATP,
1 mM DTT, 10 mM creatine phosphate [Roche], and 1 U creatine
kinase [Roche]) containing 500 nM GST-His6-Uba1, 500 nM GST-
Cdc34 or GST-Rad6 or GST-AtUbc2, 30 μM GST-Ub and puriﬁed
recombinant 0.5 μg MBP-p33 as substrates as described (Li et al.,
2008). The ubiquitination assays were performed at 30 1C for
90 min and then terminated by boiling for 5 min with SDS sample
buffer containing 0.1 M DTT, followed by Western blot analysis
with anti-MBP antibody (Li et al., 2008).
Puriﬁed RdRp activity in vitro
The solubilized viral replicase complex was puriﬁed from yeast
strains replicating TBSV DI-72 repRNA based on the 6xHis-afﬁnity
puriﬁcation as described (Panaviene et al., 2005, 2004; Serva and
Nagy, 2006). The in vitro assay with the puriﬁed replicase
preparations (adjusted based on 6His-p33 levels) were pro-
grammed with DI-72() repRNA and analyzed via denaturing
PAGE as described (Panaviene et al., 2005; Panaviene et al., 2004).
Replication and complementation studies in yeast
S. cerevisiae BY4741 or rad6Δ strains were co-transformed with
three separate plasmids, pYES-Rad6 or pYES-AtUbc2, pGBK-33HF-
Cup1/DI72-Gal1 and pGAD-92HF-Cup1. Yeasts were pre-grown at
23 1C for 16 h in 2 ml of SC-ULH- medium containing 2% galactose
and, after 50 μM CuSO4 induction, the cultures were harvested at
24 h time point. Accumulation of DI-72 repRNA was measured by
Y. Imura et al. / Virology 484 (2015) 265–275272
Northern blot using RNA probes complementary to region III/IV of
DI-72(þ) and to 18 S ribosomal RNA as described previously
(Panavas et al., 2005a).
Recombinant protein puriﬁcation from E coli
Recombinant MBP-p33, MBP-p92 replication proteins were
expressed in E coli and puriﬁed as published before (Pogany
et al., 2008; Rajendran and Nagy, 2003). Brieﬂy, the expression
plasmids pMal-p33 and pMal-p92 were transformed into E coli
strain BL21 (DE3) CodonPlus. Protein expression was induced by
isopropyl-β-D-thiogalactopyranoside (IPTG) at 16 1C for 8 h
(Rajendran and Nagy, 2003; Rajendran et al., 2002). After collec-
tion of the cultures by centrifugation at 4000 g for 5 min, the cells
were re-suspended and broken in reduced-salt column buffer
(25 mM NaCl, 30 mM HEPES-KOH pH 7.4, 1 mM EDTA, 10 mM β-
mercaptoethanol). The lysate was centrifuged at 14,000 rpm for
10 min to remove cell debris. Then supernatant was incubated
with amylose resin (NEB) at 4 1C for 1 h. After washing the resin
with 50 ml reduced-salt column buffer (without β-mercaptoetha-
nol), the recombinant proteins were eluted by maltose buffer
(column buffer containing 0.18% (W/V) maltose).
Yeast cell free extract (CFE) based in vitro replication assay
CFEs from BY4741, TET: CDC34 nontreated or treated with
1 mg/ml doxycycline (Mnaimneh et al., 2004), rad6Δ and
Cdc34ts/rad6Δ double mutation strain were prepared as described
earlier (Pogany et al., 2008). Brieﬂy, the in vitro reaction was
performed in 20 ml total volume containing 1 ml of adjusted CFE
(adjusted based on total protein content), 0.5 mg DI-72 (þ)
repRNA, 0.5 mg puriﬁed MBP-p33, 0.5 mg puriﬁed MBP-p92 (both
recombinant proteins were puriﬁed from E. coli), 30 mM HEPES-
KOH, pH 7.4, 150 mM potassium acetate, 5 mM magnesium acet-
ate, 0.13 M sorbitol, 0.4 ml actinomycin D (5 mg/ml), 2 ml of
150 mM creatine phosphate, 0.2 ml of 10 mg/ml creatine kinase,
0.2 ml of RNase inhibitor, 0.2 ml of 1 M dithiothreitol (DTT), 2 ml of
10 mM ATP, CTP, and GTP and 0.1 mM UTP and 0.1 ml of 32P UTP.
Reaction mixtures were incubated 3 h at 25 1C, followed by
phenol/chloroform extraction and isopropanol/ammonium acetate
(10:1) precipitation. 32P UTP-labeled RNA products were analyzed
in 5% acrylamide/8 M urea gels.
Co-puriﬁcation of ESCRT proteins with tombusvirus replicase from
yeast
Yeast strains BY4741 and rad6Δ were transformed with plas-
mids LpGAD-CUP1-p92 expressing His6-tagged CNV p92 from
copper-inducible CUP1 promoter and HpGBK- His33-CUP1
(expressing a His6-tagged CNV p33 protein) or HpGBK-FLAG-
p33-CUP1 (expressing a FLAG-tagged CNV p33) and/or UpYES—
Vps4-GAL1 (expressing the yeast His6-tagged Vps4 protein) or
UpYES-Vps23-GAL1 (expressing the yeast His6-tagged Vps23 pro-
tein). Transformed yeasts were pre-grown in SC-ULH media
containing 2% glucose and 100 mM BCS at 29 1C overnight and
then, in SC-ULH- media with 2% galactose and 100 mM BCS at 29 1C
overnight. Then, 50 μM CuSO4 was added and the yeast cultures
were incubated for 8 h at 29 1C. The yeast cultures were then
centrifuged, washed with phosphate buffer saline (PBS) and
incubated in PBS plus 1% formaldehyde for 1 h on ice to crosslink
proteins. Then, the formaldehyde was quenched by adding glycine
(to 0.1 M) and the yeast cells were recovered by centrifugation
(Pathak et al., 2008). Yeast was broken with glass beads and p33
protein was puriﬁed using anti-FLAG M2 agarose (Li et al., 2008).
Afﬁnity-puriﬁed p33 was analyzed by Western blot using
anti-FLAG antibody, and co-puriﬁed His6-tagged host proteins
were analyzed with anti-His antibody (Li et al., 2008).
Plant VIGS-based studies
Agrobacterium tumefaciens strain C58C1 carrying one of the
VIGS plasmids were inﬁltrated into leaves of N. benthamiana as
described previously (Dinesh-Kumar et al., 2003; Jaag and Nagy,
2009). The efﬁciency of gene silencing was determined by isolat-
ing the total RNA from the upper leaves of the N. benthamiana,
followed by semi-quantitative reverse transcription-PCR (RT-PCR),
using primers #5612 (CAGGAGCACCACGGCTCATC) and #5613
(ACGATAATCACCAGTGCAGC) that PCR-amplify a region not found
in the pTRV-UBC2 construct. Eleven days post agro-inﬁltration, the
upper (silenced) leaves were inoculated with virion preparation of
Cucumber necrosis virus (CNV-20KSTOP, not expressing the silen-
cing suppressor protein). Total RNA was extracted from the upper
inoculated leaves 3 days after inoculation. The plant leaf samples
were frozen in liquid nitrogen and ground in equal volumes of
buffer (50 mM sodium acetate [pH 5.2], 10 mM EDTA, 1% SDS) and
water-saturated phenol (Jaag and Nagy, 2009). Samples were
vortexed, incubated for 4 min at 65 1C and centrifuged at
21,000g for 15 min at 4 1C. Total RNA was precipitated from the
aqueous phase by adding 3 volumes of absolute ethanol and was
washed with 70% ethanol. Total RNA was dissolved in RNase-free
water. Total plant RNA samples were heated for 5 min at 85 1C,
electrophoresed in 1.5% agarose gels, and transferred to Hybond XL
membrane (Amersham) and cross-linked with UV (Bio-Rad). In
vitro-made RNA transcripts, following 5 min of pre-incubation
with formamide at 85 1C, were pipetted to the Hybond XL
membrane. Hybridization was done with ULTRAhyb solution
(Ambion) at 68 1C according to the supplier's instructions. The
32P UTP-labeled CNV RIII/IV product was used as probes for
hybridization. Hybridization signals were detected using a
Typhoon 9400 imaging scanner (Amersham) and quantiﬁed by
ImageQuant software.
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